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Summary 
A  deletion  mutation,  ma/EA12-18,  removes  seven 
residues  from  the  hydrophobic  core  of  the  maltose 
binding  protein  (MBP)  signal  peptide  and  thus  pre- 
vents  secretion  of  this  protein  to  the  periplasm  of  8. 
co/i.  lntragenic  suppressor  mutations  of  malEA12-78 
have  been  obtained,  some  highly  efficient  in  their 
ability  to  restore  proper  MBP  export.  Twelve  inde- 
pendently  isolated  suppressors  represent  six  unique 
mutational  events.  Five  result  in  alterations  within 
the  MBP  signal  peptide;  one  changes  the  amino  acid 
at  residue  19  of  the  mature  MBP.  Analysis  of  these 
suppressors  indicates  that  the  length  of  the  hydro- 
phobic  core  is  a  major  determinant  of  signal  peptide 
function.  The  experiments  further  suggest  that  the 
hydrophobic  core  region  serves  primarily  a  struc- 
tural  role  in  mediating  protein  secretion,  and  that 
other  sequences  outside  of  this  region  may  be  re- 
sponsible  for  providing  the  initial  recognition  of  the 
MBP  nascent  chain  as  a  secreted  protein. 
Introduction 
The  maltose  binding  protein  (MBP)  of  Escherichia  coli,  the 
ma/E  gene  product  and  an  essential  component  of  the 
maltose  transport  system,  is  localized  to  a  specific  extra- 
cytoplasmic  compartment  termed  the  periplasm.  Certain 
features  of  MBP  export  from  its cytoplasmic  site  of synthe- 
sis  to  its final  destination  appear  to  conform  to  the  predic- 
tions  of  the  signal  hypothesis  as  outlined  by  Blobel  and 
Dobberstein  (1975).  The  MBP  is  initially  synthesized  on 
predominantly  membrane-bound  polysomes  (Randall  and 
Hardy,  1977)  with  an  amino-terminal  signal  peptide  com- 
posed  of  26  amino  acids,  the  last  18  of  which  comprise 
the  hydrophobic  core  (Bedouelle  et  al.,  1980).  This  signal 
peptide  is  believed  to  facilitate  the  initiation  of  cotransla- 
tional  export  of  MBP  through  the  cytoplasmic  membrane. 
Several  models  have  been  proposed  to  account  for  how 
it performs  such  a  function  (Inouye  et  al.,  1977;  Engleman 
and  Steitz,  1981;  Randall,  1983).  There  is  compelling 
genetic  evidence  that  at  least  the  hydrophobic  core  of  the 
signal  peptide  is crucial  for  efficient  initiation  of  MBP  export, 
since  mutations  introducing  a  charged  amino  acid  into  this 
region  significantly  reduce  the  efficacy  with  which  MBP  is 
exported  from  the  cytoplasm  (Bassford  and  Beckwith, 
1979;  Bedouelle  et  al.,  1980;  Bassford  et  al.,  1981). 
We  have  recently  isolated  a  21  bp  deletion,  designated 
malEAl2-18.  whose  endpoints  lie  entirely  within  the  DNA 
sequence  encoding  the  hydrophobic  core  of  the  MBP 
signal  peptide  (V.  A.  Bankaitis  and  P.  J.  Bassford,  Jr., 
unpublished  data).  This  deletion  fuses  ma/f  codons  11 
and  18  at their  respective  wobble  bases,  thereby  removing 
residues  12  through  18  from  the  MBP  signal  peptide.  The 
ma/EA72-78  mutation  is  of  special  interest  in  that  it  re- 
moves  three  of the  four  residues  that  have  been  suggested 
to  be  critical  for  MBP  signal  peptide  function  (Figure  1). 
Although  other  residues  in  the  hydrophobic  core  can  be 
converted  to  charged  amino  acids  by  a  single  base 
change,  the  fact  that  multiple,  independent  mutations  have 
been  obtained  affecting  these  particular  residues  (nos.  14, 
16,  18,  19)  strongly  suggests  that  these  residues  could 
constitute  a  specific  “recognition  site”  that  plays  an  impor- 
tant  role  in  the  export  process. 
We  report  here  the  isolation  and  characterization  of  12 
intragenic  suppressor  mutations  of malEA  2-l  8.  Analysis 
of  these  mutations  by  biochemical  and  DNA  sequencing 
techniques  identifies  six  suppressor  classes  that  exhibit 
suppression  efficiencies  ranging  from  very  low  to  very 
high.  The  data  indicate  that  five  of  the  six  suppressor 
mutations  act  by  restoring  certain  structural  features  to  the 
truncated  ma/EA72-18  signal  peptide,  thus  rendering  it 
more  competent  for  initiating  MBP  export.  One  suppressor 
alteration  is located  in  the  mature  portion  of  the  MBP,  fairly 
far  removed  from  the  signal  peptide,  suggesting  the  pres- 
ence  of  export  information  within  the  mature  MBP. 
Results 
Isolation  and  Characterization  of  Mutants 
Phenotypically  Suppressed  for  malEA72-78 
In  terms  of  MBP  export  and  ability  to  utilize  maltose  as  a 
carbon  source,  malEA12-18  is the  strongest  malf  signal 
sequence  mutation  yet  isolated.  Strain  RL361  (ma/EA72- 
78)  exhibits  a  doubling  time  of  approximately  220  min  in 
maltose  minimal  medium  at  37°C  whereas  an  isogenic 
ma/E+  strain  exhibits  a  doubling  time  of  60  min  under  the 
same  conditions.  The  observed  growth  of  strain  RL361  on 
maltose  results  from  the  export  to  the  periplasm,  with 
apparently  correct  processing,  of  a  minute  fraction  of  the 
MBP  synthesized  (less  than  1%  of  the  total;  see  below). 
Still,  the  essentially  Mal-  character  of  a  ma/EA12-78 strain 
permitted  the  isolation  of  derivative  strains  better  able  to 
utilize  maltose  for  growth  (see  Experimental  Procedures). 
Strain  RL361  harbors  ma/EA72-78  and,  in  addition,  the 
IamBSGO  mutation,  a  36  bp  deletion  encompassing  coding 
DNA  for  12  amino  acid  residues  of the  LamB  protein  signal 
peptide  hydrophobic  core  (Emr  et  al.,  1980).  This  strain 
was  chosen  as  the  parent  from  which  malEA12-18  sup- 
pressor  mutations  were  derived  for  two  reasons.  First, 
malEA12-18  lamBS60  double  mutants  grow  slower  in 
maltose  minimal  medium  than  isogenic  /amB+  strains, 
facilitating  the  selection  for  Mal+  phenotypic  revertants. 
We  initially  believed  this  to  be  a  function  of  maltose 
transport  efficiency.  It now  appears  that  this  phenomenon 
is export  related  (see  below).  Second,  the  presence  of  the Cell 
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Figure  1.  Primary  Sequence  of  the  Wild-Type  and  Six  Known  Export-Defective  MBP  Signal  Peptides 
The  amino-terminal  32  residues  of  the  wild-type  preMBP  are  shown,  including  the  entire  signal  peptide  and  the  processing  site.  Single  amino  acid  substitutions 
rn the  srgnal  peptide  that  have  been  shown  to  prevent  protein  export  from  the  cytoplasm  (Bassford  and  Beckwith.  1979;  Bedouelle  et  al.,  1980)  are  indicated 
by  arrows,  Residues  excised  from  the  hydrophobic  core  of  the  MBP  signal  peptide  by  the  ma/EAIP-18  mutation  are  indicated  by  a  shaded  bar. 
lamBSGO  allele  provides  a  rapid  screen  for  extragenic 
suppressor  mutations.  Strains  carrying  this  deletion  are 
resistant  to  bacteriophage  X  as  a  result  of  their  inability  to 
export  LamB  protein  to  the  outer  membrane  (Emr  et  al., 
1981).  We  reasoned  that  pleiotropic  mutations  suppressing 
both  ma/EA72-78  and  lamBS60  (i.  e.,  simultaneously  re- 
storing  both  a  Mal+  and  X-sensitive  phenotype)  would  be 
extragenic  in  nature  and  similar  to  a  class  previously 
described  (Emr  et  al.,  1981;  Emr  and  Bassford,  1982). 
We  obtained  28  spontaneous,  independent  mutants  that 
yield  a  stronger  Mal+  reaction  on  maltose  tetrazolium 
indicator  agar  than  the  parental  strain.  These  exhibit  a 
variety  of phenotypes,  ranging  from  very  weak  suppression 
of  ma/EA72-78  to  what  is  essentially  a  wild-type  Mal+ 
phenotype.  We  found  12  of  the  28  mutants  to  be  phage 
X  sensitive,  indicating  that  the  corresponding  suppressor 
mutations  are  most  probably  extragenic.  This  was  subse- 
quently  confirmed  for  all  12  by  conventional  mapping 
techniques  (data  not  shown).  Each  of  the  remaining  16 
isolates  were  tested  for  the  possibility  of  intragenic  sup- 
pression  by  determining  linkage  of  the  ma/EA72-78  sup- 
pressor  mutations  to  the  ma/f  gene.  Generalized  trans- 
duction  experiments  with  bacteriophage  Pl  demonstrated 
that  four  of  these  suppressor  mutations  are  not  linked  to 
ma/E  and  are  therefore  also  extragenic.  The  extragenic 
mutations  will  not  be  further  discussed  here  as  a  detailed 
description  of  these  will  be  presented  elsewhere  (V.  A. 
Bankaitis  and  P.  J.  Bassford,  Jr.,  unpublished  data).  The 
remaining  12  mutations  are  very  tightly  linked  to  ma/E 
(greater  than  99%).  Additional  evidence  for  the  intragenic 
nature  of  these  12  suppressor  mutations  was  derived  from 
our  ability  to  one,  recombine  each  mutation  onto 
hapmaB73h80,  a  specialized  transducing  phage  carrying 
the  ma/f  gene  (see  below),  and  two,  demonstrate  that 
suppression  of  ma/fA72-78  in  these  strains  occurs  only 
in  cis  (data  not  shown). 
Immune  Precipitation  and  Localization  of  MBP  from 
Linked  Suppressor  Mutants 
Precipitation  of  MBP  from  radiolabeled  extracts  prepared 
from  the  ma/f  +  strain  SE2060  yields  exclusively  the  mature 
form  of  the  MBP,  a  single  protein  species  migrating  with 
an  apparent  molecular  weight  of  39K  on  sodium  dodecyl 
sulfate-polyacrylamide  gel  electrophoresis  (SDS-PAGE) 
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Figure  2.  Immune  Precipitation  of  MBP  from  lntragenic  malEA12-78  Sup- 
pressor  Strarns 
Representative  strains  were  radiolabeled,  solubilized,  and  the  MBP  precip- 
itated  as  described  in  the  Experimental  Procedures.  Precipitates  were 
analyzed  by  SDS-PAGE  and  autoradiography.  The  mature  MBP  precipitated 
from  the  ma/E+  strain  SE2066  is  shown  in lane  A.  Lane  B  shows  the  MBP 
precipitated  from  strain  PBllOi  (ma/ElB-7).  The  ma/E78-7  strain  is  an  MBP 
signal  peptide  point  mutant  that  provides  a  marker  for  full-sized  preMBP 
(Bassford  and  Beckwith,  1979;  Bedouelle  et  al.,  1980).  It is  to  be  compared 
to  the  truncated  preMBP  precipitated  from  strain  RL361  (malEAlP-78)  as 
shown  in  lane  C.  Lanes  D  through  I  show  precipitates  obtained  from  a 
representative  of  each  of  the  six  classes  of  intragenic  ma/EA12-18  sup- 
pressor  mutants,  in the  following  order:  lane  D,  R6;  lane  E.  R5;  lane  F,  R4; 
lane  G,  R3;  lane  H,  R2;  and  lane  I,  RI.  As  discussed  in  the  text,  it  is 
important  to note  that  all of  these  strains  except  PBI  101 harbor  the  lamSS60 
signal  sequence  mutation. 
(Figure  2).  Precipitation  of  labeled  MBP  from  the  isogenic 
malfA72-78  strain  RL361  yields  predominantly  the  trun- 
cated  precursor  MBP  (preMBP)  form  with  an  apparent 
molecular  weight  of  approximately  40K.  This  preMBP  mi- 
grates  with  a  slightly  lower  apparent  molecular  weight  on 
SDS-PAGE  than  preMBP  precipitated  from  various  ma/f 
signal  sequence  point  mutants.  As  previously  indicated,  a 
minute  amount  of  apparently  correctly  processed  mature 
MBP  is also  detected  in  these  immune  precipitates.  Precip- 
itation  of  MBP  from  the  12  linked  ma/EA72-78  suppressor 
strains  identifies  six  biochemically  distinct  mutant  classes. 
Suppression  of  the  export  defect  is  indicated  by  an  in- 
creased  proportion  of  mature  MBP  detected  in the  immune 
precipitates  obtained  from  these  strains.  Note  the  broad 
range  of  suppression  efficiencies  that  can  be  discerned. 
We  find  that  the  ratio  of  mature  MBP  to  preMBP  in  these 
precipitates  correlates  well  with  the  degree  of  suppression 
of  ma/EA72-78  as  seen  on  maltose  tetrazolium  agar  and 
growth  rates  of  these  mutants  in  maltose  minimal  medium; 
i.  e.,  the  greater  the  suppression,  the  greater  the  mature 
MBP/preMBP  ratio.  The  weakest  linked  suppressor  muta- 
tion,  designated  R6,  elicits  only  a  very  slight  increase  in 
this  ratio,  relative  to  the  parental  strain.  (Additional  evidence 
that  this  mutation  suppresses  ma/fA72-78  in  an  export- 
specific  manner  is  presented  below.)  The  most  efficient lrmgenic  Suppression  of  MBP  Export  Defect 
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Figure  3.  Localization  of  MBP  in Wild-Type,  ma/EArP-78,  and  Selected  lntragenic  malEAlP-78  Suppressor  Strains 
Radiolabeled  MBP  was  immune-precipitated  from  whole  cells  (W),  shocked  cells  (S).  and  periplasmic  fractions  (P)  derived  from  the  various  strarns  and 
analyzed  by  SDS-PAGE  and  autoradiography  (see  Experimental  Procedures).  For  each  strain,  the  amount  of  cell  extract  added  to  the  three  precipitation 
mixtures  was  obtained  from  an  equal  number  of  cells.  Note  that  mature  MBP  is  efficiently  released  into  the  pertplasmic  fraction  by  osmotic  shock  in  all 
instances. 
suppressor  of  ma/EA12-78  is Rl.  In  this  instance,  greater 
than  95%  of  the  MBP  is  precipitated  in  the  mature  form. 
Also,  note  that  precipitates  obtained  from  several  of  the 
suppressor  strains  exhibit  varying  fractions  of  a  third  MBP 
species  migrating  slightly  slower  than  mature  MBP.  This 
form  of  the  MBP  does  not  represent  an  intermediate  in 
MBP  maturation  (see  below)  and  may  result  from  aberrant 
processing  of  the  preMBP. 
In  previous  studies,  processing  has  always  served  as  a 
reliable  indicator  of  MBP  export  (Bassford  and  Beckwith, 
1979;  Emr  and  Bassford,  1982).  Since  phenotypic  sup- 
pression  of  ma/EA12-78  in  the  linked  revertants  results  in 
elevated  levels  of  apparently  authentic  mature  MBP,  we 
expected  to  find  this  mature  MBP  species  correctly  local- 
ized  to  the  periplasm.  Periplasmic  proteins  can  be  opera- 
tionally  defined  as  those  soluble  proteins  released  from 
cells  by  cold  osmotic  shock  treatment  (Neu  and  Heppel, 
1965).  As  expected,  the  mature  MBP  is  quantitatively 
released  from  the  ma/E+  strain  SE2060  by  osmotic  shock 
(Figure  3).  Similarly,  the  miniscule  amount  of  mature  MBP 
detected  in  whole  cells  of  the  parental  strain,  and  the  more 
prominent  amounts  of  mature  MBP  detected  in  the  sup- 
pressor  strains,  are  also  efficiently  released.  The  demon- 
stration  that  the  presumed  intragenic  ma/EA72-78  sup- 
pressor  strains  exhibit  increased  amounts  of  properly  lo- 
calized  mature  MBP,  relative  to  the  parent,  testifies  to  the 
export  specificity  of these  suppessor  mutations.  In contrast 
to  the  mature  MBP,  the  two  remaining  MBP  species  (the 
truncated  preMBP  and  the  intermediate  form)  are  not 
shockable  and,  therefore,  not  soluble  periplasmic  constit- 
uents.  We  have  yet  to  establish  conclusively  the  cellular 
location  of  these  latter  two  MBP  species  in  the  suppressor 
strains.  Localizing  precursor  species,  nonsense  fragments, 
and  other  abnormal  proteins  to  definitive  cellular  compart- 
ments  has  proven  quite  difficult  (see  Ito  et  al.,  1981,  and 
Ito  and  Beckwith,  1981,  for  extensive  discussions  on  this 
topic.).  Experiments  currently  underway  indicate  that  the 
preMBP  in  these  strains  has  not  been  translocated,  but  is 
either  cytoplasmic  or  loosely  associated  with  the  cytoplas- 
mic  surface  of  the  cytoplasmic  membrane.  It is  possible 
that  the  intermediate  form  may  represent  an  exported 
species  that  cannot  assume  a  soluble,  and  therefore 
shockable,  conformation  (Ito  and  Beckwith,  1981;  Kosh- 
land  and  Botstein,  1982). 
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Figure  4.  Strategy  for  Cloning  and  Sequencing  the  lntragenic  ma/EA72-18 
Suppressor  Mutations 
The  ma/E  gene  is  one  of  five  genes  whose  products  are  components  of 
the  E. coli  maltose  transport  system.  These  genes,  which  together  constitute 
the  ma/B  region  of the  E. coli  chromosome,  are  organized  into  two  positively 
controlled  operons  that  diverge  from  a  common  promotor  region.  Phage 
hapmaBi3h80  includes  the  entire  ma/B  region  except  for  the  promotor 
distal  portion  of  the  lam8  gene  (Raibaud  et  at.,  1979).  The  MBP  signal 
peptide  coding  DNA  residues  on  a 950  bp  Eco  RI-Bgl  II restriction  fragment, 
This  fragment  was  purified  from  each  of  the  XapmalB13h80  phages  onto 
whrch  ma/EA72-78  and  the  intragenic  suppressor  mutations  had  been 
recombined  (see  Experimental  Procedures)  and  ligated  into  bacteriophage 
M13mp8  and  M13mp9  replicative  forms.  Two  primers  were  employed:  a 
39  bp  Ava  II-Hinf  I restriction  fragment  and  a  77  bp  Taq  I fragment.  These 
primers  flank  the  entire  MBP  signal  peptide  coding  region,  and  serve  to 
ensure  the  accuracy  of  the  DNA  sequence  obtained  by  providing  comple- 
mentary  data.  (Note:  figure  is  not  drawn  to  scale.) 
DNA  Sequence  Analysis  of  lntragenic  Suppressor 
Mutations 
The  precise  DNA  sequence  alterations  for  the  intragenic 
ma/EA12-18  suppressor  mutations  were  determined.  A 
950  bp  Eco  RI-Bgl  II restriction  fragment,  containing  the 
entire  MBP  signal  peptide  coding  region,  was  purified  by 
digestion  of  XapmalB13h80  phage  DNA  onto  which  each 
suppressor  mutation  had  been  recombined.  This  fragment 
was  subsequently  cloned  into  Eco  RI and  Barn  HI cleaved 
replicative  forms  of  the  recombinant  M13mp8  and 
Ml  3mp9  phages  (Figure  4).  The  chain  termination  method 
of  DNA  sequencing  was  used,  as  described  by  Sanger  et 
al.  (1977)  (see  Experimental  Procedures).  Sequence  anal- 
ysis  of  the  12  intragenic  suppressor  mutations  obtained 
established  that  a  total  of  six  unique  classes  of  mutants 
have  been  isolated,  each  corresponding  to  a  unique  bio- 
chemical  class  (Figure  5).  Both  point  mutations  and  small 
duplications  within  the  signal  sequence  coding  region  were 
obtained,  as  well  as  one  point  mutation  lying  in  the  region 
of  the  ma/E  gene  encoding  the  mature  MBP.  Note  that Cd 
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Figure  5.  DNA  Sequence  Analysis  of  the  lntragenic  ma1EA12-78  Suppressor  Mutations 
The  first  41  codons  of  maEA72-18.  given  in sense-strand  polarity,  are  shown  along  with  their  corresponding  amino  acid  residues.  Indicated  below  the  parental 
DNA  sequence  are  the  mutational  alterations  resulting  in  suppression  of  the  malEA12-78  export  defect.  Substitutions  resulting  from  a single  base  change  are 
indicated  by  a downward  pointing  arrow.  Duplication  of  genetic  information  is  shown  by  an  upward  pointing  arrow. 
four  of  the  six  suppressor  classes  increase  the  number  of 
residues  comprising  the  signal  peptide  hydrophobic  core. 
This  is  achieved  either  by  extending  the  amino-terminal 
boundary  of the  core,  by  substituting  an  uncharged  residue 
for  the  arginine  residue  at  position  8,  or  by  adding  addi- 
tional  hydrophobic  residues  to  the  signal  peptide.  The 
relative  strengths  of  these  suppessor  mutations,  in  terms 
of  restoring  MBP  export,  and  their  effects  on  hydrophobic 
core  length  are  summarized  in  Table  1. 
Determination  of the  Predictive  Secondary 
Structure  for  Mutant  Signal  Peptides 
Recently,  it  has  been  suggested  that  signal  peptide  sec- 
ondary  structure  is  intimately  involved  with  signal  peptide 
function.  This  concept  is  based  both  on  theoretical  (Aus- 
ten,  1979;  Cohn  et  al.,  1979;  Bedouelle  and  Hofnung, 
1981)  and  experimental  (Rosenblatt  et  al.,  1980;  Emr  and 
Silhavy,  1983)  considerations.  The  rules  of  Chou  and 
Fasman  (1978)  for  predicting  protein  secondary  structure 
have  previously  been  applied  to  the  wild-type  MBP  signal 
peptide  (Bedouelle  and  Hofnung,  1981).  Accordingly,  the 
first  six  residues  probably  exist  as  a  random  coil  while  the 
remaining  20  residues,  including  the  entire  hydrophobic 
core,  are  predicted  to  assume  an  a-helical  conformation. 
This  a-helix  also  would  include  the  first  four  residues  of  the 
mature  MBP. 
We  have  used  these  same  rules  to  determine  the  pre- 
dicted  secondary  structures  for  the  mutant  signal  peptides 
encoded  by  malEAl2-18  and  the  various  intragenic  sup- 
pressor  alleles.  Other  than  changing  the  number  of  resi- 
dues  that  comprise  the  a-helical  region,  these  mutations 
are  not  predicted  to  change  the  secondary  structure  of 
the  signal  peptide,  with  one  exception.  The  intragenic 
suppessor  mutation  designated  R5  substitutes  a  valine  for 
an  alanine  at  residue  11  of  the  truncated  MBP  signal 
peptide.  In  this  case,  the  pentapeptide  centered  around 
this  valine  (lie  Leu  Val  Met  Phe)  exhibits  a  significantly 
greater  potential  for  P-strand  formation  (( Pp)  =  1.41)  than 
Table  1.  Calculated  Hydrophobic  Core  Lengths  and  Relative  Efficiencies 
of  Export  for  MBP  Encoded  by  ma/E+,  ma/EA12-18,  and  lntragenic 
malEAlP-  Suppressor  Alleles 
Length  of  Relative  Efficrency  of  MBP 
Hydrophobrc  Core”  Exportb 
#  #  % 
Allele  Residues  Angstroms  Precursor  %  Mature 
ma/E+  16  27  0  100 
malEAl2-18  11  16.5  z-99  <I 
malEA12-18-t% 
(+  leu  a/a  met)  14  21  3  97 
malEAl%78.R2 
(arg  to  leu)  13  19.5  8  92” 
malEA72-18.R3 
(arg  to  cys)  13  19.5  15  85” 
malEA72-18.R4 
(+  leu)  12  18  75  25’ 
malEA12-18.R.5 
(ala  to  va/)  11  27d  85  15 
malEA72-18.R6 
(g/y  to  val)  11  16.5  95  5 
‘Included  in  these  numbers  are  only  those  residues  of  the  hydrophobrc 
core  that  are  predicted  to  exist  in  a  periodic  conformation  (a-helix  or  p- 
strand).  See  Bedouelle  and  Hofnung  (1981)  for  further  discussion  of  this 
pornt. 
‘The  approximate  percentages  of  preMBP  and  mature  MBP  of  the  total 
MBP  that  is  precrpitated  from  these  strains  under  the  radiolabeling  condr- 
trons  descrrbed  for  the  experiment  shown  rn Figure  2.  As  drscussed  in the 
text,  these  ratios  will vary  under  different  experimental  conditions. 
‘A  small  amount  of  what  may  be  aberrently  processed  MEP  can  also  be 
discerned  in the  precipitates  obtarned  from  these  strains.  See  Figure  2. 
d This  assumes  that  residues  9  through  13  of  the  truncated  signal  peptide 
are  in  a  p-strand  conformation,  as  predicted  by  the  secondary  structure 
analysis.  All  other  calculations  in this  column  assume  an  cu-helical  confor- 
mation. 
for  a-helix  formation  ((P,)  =  1.19).  This  mutant  signal 
peptide  is  predicted  to  exist  as  a  random  coil  for  the  first 
eight  amino-terminal  residues,  followed  by  a  pentapeptide k$genic  Suppression  of  MBP  Export  Defect 
in  an  extended  P-strand  structure.  The  last  six  residues  of 
the  signal  peptide  and  the  first  four  residues  of the  mature 
MBP  are  predicted  to  remain  cy-helical. 
Kinetics  of  MBP  Export  in  Parental  and  Mutant 
Strains 
The  rates  of  MBP  export  in  the  suppressor  strains  were 
compared  to  those  observed  in  isogenic  ma/E+  and 
ma/EA72-78  strains.  In  these  experiments,  MBP  pulse- 
radiolabeled  for  15  set  with  35S-methionine  was  immune- 
precipitated  at  various  times  during  the  cold  methionine 
chase  period  and  analyzed  by  SDS-PAGE  and  autoradiog- 
raphy  (see  Experimental  Procedures).  Processing  of 
preMBP  to  mature  MBP  is  used  as  the  indicator  of  proper 
export  in  light  of  the  previous  establishment  of  this  positive 
correlation  (see  Discussion).  The  results  are  presented  in 
Figure  6.  For  the  ma/E+  strain  SE2060,  we  find  that  MBP 
synthesized  during  the  15  set  labeling  period  is very  rapidly 
converted  to  mature  MBP.  Even  after  just  20  set  of  chase, 
the  great  majority  of  radiolabeled  MBP  is  precipitated  as 
the  mature  form.  After  an  additional  40  set  of  chase, 
greater  than  98%  of  the  MBP  precipitated  has  been  ma- 
tured.  These  results  are  consistent  with  those  reported  by 
Josefsson  and  Randall  (1981)  who  demonstrated  that  a 
significant  portion  of  MBP  is  cotranslationally  processed, 
CHASE  TIME 
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Figure  6.  Kinetics  of  MBP  Export  in Wild-Type,  maEAlP-18,  and  lntragenic 
ma/EAl2-18  Suppressor  Strains 
Cells  were  pulse-labeled  for  15  set  with  %-methionine  and  the  chase 
initiated  by  addition  of unlabeled  methionine  rn large  excess.  At the  indicated 
time  points,  afiquots  were  removed,  and  the  chase  terminated  and  protein 
precrpitated  with  TCA.  Subsequently,  the  TCA  precipitates  were  solubilized, 
the  MBP  immune-precipitated  and  analyzed  by  SDS-PAGE  and  autoradiog- 
raphy.  as  described  in Experimental  Procedures. 
the  remainder  being  processed  very  shortly  after  synthesis. 
In  marked  contrast,  processing  of preMBP  in  the  malEA  2- 
78  strain  RL361  is  virtually  undetectable  after  a  20  min 
chase  period. 
The  rate  of  MBP  maturation  in  the  suppressor  strains 
clearly  identifies  two  classes  of  intragenic  suppressor  mu- 
tations.  The  three  strongest  mutations  (Rl  , R2,  R3)  restore 
a  kinetic  profile  for  MBP  export  approaching  that  observed 
for  the  ma/E+  strain.  A  greater  proportion  of  unprocessed 
preMBP  is precipitated  at early  chase  points  in these  strains 
compared  to  ma/E  +,  indicating  that  these  altered  signal 
peptides  are  not  quite  as  efficient  as  the  wild-type  se- 
quence  in  mediating  MBP  export.  Still,  by  2  min  into  the 
chase,  essentially  all  of  the  radiolabeled  MBP  has  been 
matured  in the  RI  mutant,  and  only  very  small  amounts  of 
preMBP  can  be  detected  in  the  R2  and  R3  mutants.  The 
kinetics  of  MBP  export  exhibited  by  the  three  weaker 
suppressor  mutants  (R4,  R5,  R6)  are  considerably  differ- 
ent.  Note  that  radiolabeled  mature  MBP  is undetectable  in 
these  strains  at the  very  early  time  periods,  and  does  not 
begin  to  accumulate  to  significant  levels  until  approximately 
2  min  into  the  chase. 
There  are  two  additional  points  that  should  be  noted 
here.  First,  as  previously  mentioned,  mutants  R2,  R3,  and 
R4  produce  an  intermediate  MBP  species  that  migrates 
slightly  slower  on  SDS-PAGE  than  the  mature  form.  In 
these  kinetic  experiments,  this  aberrant  MBP  species  is 
seen  to  accumulate  at  later  chase  times.  There  is  no 
indication  that  this  MBP  species  represents  an  intermediate 
step  in  signal  peptide  processing.  Second,  these  experi- 
ments  clearly  demonstrate  that  the  weakest  suppressor 
mutation,  R6,  does  indeed  function  in  an  export-specific 
manner.  Suppession  at  this  level  is  difficult  to  unambigu- 
ously  establish  in  experiments  with  longer  labeling  times 
and  no  chase  (see  Figure  2).  However,  in  a  time  course 
study,  it  is  obvious  that  mature  MBP  is  produced  at  a 
significantly  faster  rate  in  the  R6  strain  than  in  the  parental 
malEAl2-18  strain. 
Effect  of  lamBSGO  on  lntragenic  Suppression  of 
malEA12-18 
As  mentioned  previously,  the  strain  used  to  isolate  sup- 
pressor  mutations  of  malEA12-18  harbors  the  IamBSGO 
allele.  Thus  the  experiments  we  have  described  to  this 
point  were  done  with  IamBSGO  strains  producing  an  export- 
defective  LamB  protein  that  has  been  shown  to  accumu- 
late  in  the  cytoplasm  in  its  unprocessed  precursor  form 
(Emr  and  Silhavy,  1980).  We  recently  introduced  the  intra- 
genie  suppressor  mutations  obtained  in  this  study  into  the 
isogenic  lamB+  strain  MC4100.  We  observed  that  there  is 
a  noticeable  difference  in  the  efficiency  of  suppression  of 
malEA12-18  in  the  lamB+  genetic  background.  This  is 
illustrated  by  the  experiment  shown  in  Figure  7.  lsogenic 
lamB+  and  IamBSGO  suppressor  strains  were  grown,  ra- 
diolabeled,  and  the  MBP  precipitated  and  analyzed  in  an 
identical  manner.  Note  the  following.  First,  suppression  of 
ma/EA72-78  is generally  more  efficient  in  the  /amB+  deriv- Cell 
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Ftgure  7.  Immune  Precipitation  of  MBP  from  lntragenic  ma/EA72-78  Sup- 
pressor  Strains  in /amB+  and  lamBSGO  Genetic  Backgrounds 
Strains  harboring  either  lamS+  (+)  or  lamBSGO  (S60)  alleles  in addition  to 
either  the  R4,  R3,  or  R2  suppressor  alleles  were  radiolabeled.  solubilized, 
and  the  MBP  precipitated  as  described  in  Experimental  Procedures.  Note 
the  near  total  absence  of  preMBP  and  aberrantly  processed  MBP  in the  R2 
and  R3  lams+  strains  compared  to  the  MBP  profiles  obtained  from  R2  and 
R3  lamBSGO  strains  under  identical  experimental  conditions.  A  marked 
reduction  in the  intermediate  MBP  form  is  also  discerned  for  the  R4  /amB+ 
strain  relative  to  the  R4  lamBSGO  strain. 
atives  compared  to  that  observed  in  the  lamBSGO  strains. 
In  particular,  the  absence  of  detectable  preMBP  in  the 
precipitates  obtained  from  the  R2  and  R3  /amB+  mutants 
is  conspicuous.  Second,  the  intermediate  MBP  species 
seen  to  accumulate  in  R2,  R3,  and  R4  suppressor  strains 
harboring  lamBSGO  are  essentially  undetectable  in  their 
/amB+  counterparts.  Kinetic  analyses  identical  to  those 
shown  in  Figure  6  have  confirmed  these  observations  (data 
not  shown). 
Discussion 
It is  our  goal  to  identify  the  functional  components  of  the 
MBP  and  its amino-terminal  signal  peptide  that  are  required 
for  the  proper  localization  of  this  protein  to  the  periplasm 
of  E.  coli.  To  this  end,  two  complementary  genetic  strate- 
gies  have  been  utilized  for  isolating  mutants  producing  an 
MBP  with  altered  export  properties.  Initially,  a  selection 
procedure  was  devised  that  permitted  the  isolation  of MBP 
export-defective  mutants  (Bassford  and  Beckwith,  1979). 
It was  shown  that  these  mutants  produce  an  MBP  with  an 
altered  signal  peptide  (Bedouelle  et  al.,  1980).  These 
alterations  are  presumed  to  disrupt  one  or  more  features 
of  the  signal  peptide  that  are  required  for  correct  initiation 
of  MBP  secretion.  From  such  an  analysis,  it  is  apparent 
that  introduction  of  a  charged  residue  into  the  center  of 
the  hydrophobic  core  is  detrimental  to  signal  peptide 
function,  indicating  that  the  hydrophobic  nature  of  the 
signal  peptide  is  indeed  a  major  feature  of  this  structure. 
In addition,  it appears  that  a  specific  subset  of four  residues 
in  the  hydrophobic  core  plays  a  particularly  crucial  role  in 
the  export  process  (Bedouelle  et  al.,  1980;  Bassford  et  al., 
1981).  An  analogous  subset  of four  residues  has  also  been 
described  for  the  signal  peptide  of  the  outer  membrane 
LamB  protein  of  E.  coli  (Emr  et  al.,  1978,  1980;  Emr  and 
Silhavy,  1980,  1982,  1983).  Mutations  affecting  these  par- 
ticular  residues  of  the  MBP  and  the  LamB  protein  signal 
peptides  have  been  shown  to  exhibit  an  allele-specific 
interaction  with  extragenic  suppresor  mutations  believed 
to  alter  components  of  the  protein  export  machinery  (Emr 
et  al.,  1981;  Emr  and  Bassford,  1982).  Taken  together, 
these  results  have  been  interpreted  to  indicate  the  exist- 
ence  of  a  specific  “recognition  site”  within  the  hydrophobic 
core  of  the  signal  peptide  that  mediates  the  initial  interac- 
tion  of  the  nascent  polypeptide  chain  with  the  cellular 
export  apparatus  (Emr  and  Silhavy,  1982,  1983;  Silhavy  et 
al.,  1983). 
In  this  study,  a  second  strategy  for  determining  the 
functional  components  of  the  preMBP  necessary  for  its 
secretion  has  been  employed.  Beginning  with  a  strain 
producing  an  export-defective  MBP,  derivative  strains  were 
obtained  that,  because  of  a  second  mutation  within  the 
ma/E  gene,  are  capable  of  exporting  the  MBP  at  various 
efficiencies.  Such  intragenic  suppressor  mutations  pre- 
sumably  restore  functional  components  to  the  preMBP 
inactivated  by  the  original  mutation.  We  began  with  a  strain 
harboring  the  ma/EA12-78  mutation.  This  deletion,  which 
elicits  a  very  strong  MBP  export  defect,  alters  the  MBP 
signal  peptide  in  two  ways.  First,  it  decreases  the  length 
of  the  hydrophobic  core  from  18  to  11  residues.  Second, 
three  of  the  residues  removed  (nos.  14,  16,  18)  are  com- 
ponents  of  the  putative  MBP  recognition  site. 
Six  classes  of  intragenic  ma/EA72-18  suppressor  mu- 
tations  were  isolated  that  encompass  virtually  the  entire 
range  of  phenotypic  expression.  This  wide  range  of  sup- 
pression  efficiencies  is  manifested  biochemically  by  the 
proper  localization,  and  apparently  correct  processing,  of 
various  amounts  of  mature  MBP  that  can  be  immune- 
precipitated  from  these  suppressor  strains.  The  presence 
in  the  periplasm  of  increased  amounts  of  mature  MBP 
clearly  demonstrates  that  suppression  is achieved  in  these 
strains  at  the  level  of  protein  export;  furthermore,  the 
observed  increased  in  mature  MBP  is directly  proportional 
to  the  degree  of  suppression.  The  three  strongest  sup- 
pressor  mutants  (Rl,  R2,  R3)  are  found  to  exhibit  MBP 
export  kinetics  that  approach  those  observed  with  the  wild- 
type  MBP  signal  peptide.  These  data  strongly  suggest  that 
these  altered  signal  peptides  mediate  MBP  secretion  in  a 
manner  quite  analogous  to  that  performed  by  the  wild-type 
sequence.  On  the  other  hand,  the  appearance  of  mature 
MBP  in  the  periplasm  is  considerably  delayed  in  the  three 
weaker  suppressor  strains  (R4,  R.5,  R6),  indicating  that 
these  MBP  signal  peptides  are  still  somewhat  defective  in 
facilitating  one  or  more  steps  in  the  MBP  export  process. 
It should-be  noted  that,  in  these  kinetic  studies,  we  are 
simply  monitoring  the  conversion  of  pulse-labeled  preMBP 
to  mature  MBP.  Although  the  preMBP  in  these  strains  has 
not  yet  been  definitively  localized,  our  preliminary  experi- 
ments  indicate  that  the  delayed  processing  observed  in 
the  weaker  suppressor  mutants  results  from  slow  translo- 
cation  of  the  preMBP  across  the  cytoplasmic  membrane. 
Similar  results  have  been  found  for  certain  @-lactamase 
signal  sequence  alterations  (Koshland  and  Botstein,  1982). 
We  should  also  note  that  there  is  as  yet  no  direct  evidence 
confirming  the  authenticity  of  processing  for  the  properly 
localized  MBP  found  in  the  suppressor  strains.  Such  evi- 
dence  can  only  be  provided  by  amino  acid  sequence 
analyses.  We  would  like  to  emphasize,  however,  that  the 
“mature”  MBP  produced  by  the  suppressor  strains  is indis- lrr;gemc  Suppression  of  MBP  Export  Defect 
tinguishable  from  that  produced  by  a  wild-type  strain  by 
all  biological,  fractionation,  and  electrophoretic  criteria  we 
have  employed. 
For  all  but  the  weakest  class  of  suppressor  mutants, 
intragenic  suppression  of  malEA72-78  results  from  muta- 
tions  within  the  coding  region  of  the  MBP  signal  peptide. 
The  most  readily  apparent  effect  of  these  mutations  is  to 
lengthen  the  truncated  hydrophobic  core.  This  is  accom- 
plished  in  three  different  ways: 
--In  two  mutant  classes,  additional  hydrophobic  resi- 
dues  are  added  to  the  core  structure  by  duplicating  either 
one  or three  codons  encoding  residues  in  this  region.  One 
of these  duplications  (Rl)  introduces  the  tripeptide  Leu  Ala 
Met  into  the  core.  This  is  the  strongest  of  the  intragenic 
suppressors,  restoring  MBP  export  efficiency  to  very  near 
the  wild-type  level.  In  contrast,  the  duplication  of  a  single 
Leu  codon  (R4)  results  in  a  signal  peptide  that  still exhibits 
a  considerable  defect  in  export  ability. 
-Two  classes  of  suppressor  mutations  extend  the 
amino-terminal  boundary  of  the  hydrophobic  core  by  sub- 
stituting  an  uncharged  residue,  either  leucine  (R2)  or  cys- 
teine  (R3),  for  the  arginine  residue  at  position  8  of  the 
signal  peptide.  These  are  also  very  efficient  suppressor 
mutations,  the  net  result  of  which  is  to  lengthen  the  core 
by  at least  two  residues.  Furthermore,  the  isolation  of  these 
particular  mutations  seems  to  indicate  that  at  least  one  of 
the  three  positively  charged  residues  in  the  hydrophilic 
amino-terminal  segment  of  the  MBP  signal  peptide  is 
dispensable. 
-One  mutant  class,  a  substitution  of  valine  for  alanine 
at residue  11  (R5),  is predicted  to  extend  the  hydrophobic 
core  by  introducing  a  P-strand  structure  into  this  region. 
Such  an  extended  conformation  exhibits  a  greater  axial 
residue  length  (3.6  A)  than  that  measured  for  a-helical 
structures  (1.5  A)  and  thus  serves  to  physically  extend  the 
hydrophobic  core  without  increasing  the  actual  number  of 
residues  comprising  it. 
Our  results  demonstrate  that  hydrophobic  core  length  is 
a  major  determinant  of  signal  peptide  function.  This  is 
evidenced  by  the  general  correiation  between  length  of 
the  hydrophobic  core  and  MBP  export  efficiency  (Table  1). 
The  initiation  of  protein  secretion  through  the  membrane 
may  require  an  interaction  of  the  hydrophobic  core  with 
the  lipid  bilayer.  lnouye  and  coworkers  (1977)  have  pro- 
posed  that  the  hydrophobic  core  of  the  signal  peptide 
“loops”  into  the  bilayer  structure  following  the  initial  inter- 
action  of  the  charged  amino-terminal  portion  with  the 
surface  of  the  membrane.  The  stringent  requirement  for  a 
minimum  length  core  may  reflect  a  certain  distance  the 
signal  peptide  must  penetrate  the  membrane  in  order  to 
successfully  initiate  protein  translocation  across  this  bar- 
rier. 
Having  obtained  intragenic  malEA72-78  suppressor  mu- 
tations,  the  question  of whether  or  not  a  subset  of  residues 
comprising  the  core  constitutes  a  “recognition  site”  can 
also  be  addressed.  As  previously  noted,  malEA72-78 
removes  three  of  the  four  MBP  signal  peptide  residues 
thought  to  constitute  this  recognition  site.  Although  several 
of  the  suppressor  mutations  restore  MBP  export  to  very 
near  wild-type  levels,  they  certainly  do  not  reconstitute  a 
signal  peptide  whose  primary  amino  acid  sequence  resem- 
bles  that  of  the  wild  type  through  the  region  removed  by 
the  malEA72-78  deletion.  This  is  consistent  with  the  gen- 
eral  lack  of obvious  primary  sequence  homology  that  exists 
between  the  various  known  signal  sequences  of  either 
procaryotic  or  eucaryotic  origin  (Habener  et  al.,  1978; 
Michaelis  and  Beckwith,  1982).  The  strong  position  effect 
observed  upon  introduction  of  a  charged  residue  into  the 
hydrophobic  core  may  identify  an  amino  acid  subset  that 
serves  to  initiate  transfer  of  the  nascent  polypeptide  into 
the  hydrophobic  environment.  Mutations  that  substitute 
charged  amino  acids  for  these  residues,  or  that  alter  the 
secondary  structure  through  this  region  (such  as  those 
shown  in  Figure  l),  would  be  particularly  detrimental  to 
signal  peptide  function.  Hence  these  data  suggest  that  the 
hydrophobic  core  of  the  MBP  signal  peptide  serves  pri- 
marily  a  structural  role  in  the  initiation  of  protein  export. 
With  regard  to  how  proteins  are  initially  recognized  by 
the  cell  to  be  destined  for  export,  we  report  two  intriguing 
observations.  First,  it appears  that  the  lamBS60  mutation, 
a  deletion  that  removes  12  amino  acid  residues  from 
the  hydrophobic  core  of  the  LamB  protein  signal  peptide 
(Emr  et  al.,  1980)  influences  the  strength  of  intragenic 
malEA72-78  suppression  in  a  negative  manner.  We  find 
that  the  ma/EA72-78  suppressor  mutations  are  clearly 
more  efficient  in  /amB+  strains  than  in  lamBS60  strains. 
Furthermore,  the  accumulation  of  what  may  be  aberrantly 
processed  MBP  in  certain  of  these  suppressor  strains  is 
dependent  on  the  presence  of  the  IamBSGO  allele.  These 
observations  have  led  us  to  reconsider  why  malEA72-78 
strains  grow  more  slowly  in  maltose  minimal  medium  when 
they  harbor  the  lamBSGO  allele  as  opposed  to  /amB+.  We 
now  believe  that  the  export-defective  LamB  protein  pre- 
cursor  encoded  by  the  lamBSGO  allele  at  least  transiently 
enters  the  protein  export  pathway  and  to  some  extent 
competes  with  the  mutant  or  wild-type  MBP  for  compo- 
nents  of  the  cellular  export  machinery.  This  would  indicate 
that  this  mutant  preLamB  protein,  despite  the  fact  that  two 
thirds  of  its  hydrophobic  core  has  been  removed  by 
mutation,  is  still  capable  of  being  recognized  as  an  ex- 
ported  protein.  Similarly,  we  have  recently  observed  that 
synthesis  of  the  export-defective  MBP  encoded  by  the 
malEA72-78  allele  interferes  with  the  export  of  the  wild- 
type  LamB  protein.  These  phenomena  are  being  investi- 
gated  further. 
Finally,  the  least  efficient  intragenic  suppressor  mutation 
isolated  results  in  a  single  amino  acid  substitution  at 
residue  19  of  the  mature  MBP  (R6).  It remains  unclear  as 
to  how  such  an  alteration,  fairly  far  removed  from  the  signal 
peptide,  serves  to  suppress  malEA72-78.  Still,  it is signifi- 
cant  that  such  a  suppressor  mutation  has  been  isolated. 
This  result  indicates  that  information  for  initiating  protein 
secretion  (e.  g.,  recognition?)  may  be  contained  within  the 
mature  MPB,  and  complements  earlier  findings  that  the Cell 
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presence  of  a  signal  sequence  is  not  sufficient  to  insure 
protein  export  from  the  cytoplasm  (Bassford  et  al.,  1979; 
Moreno  et  al.,  1980). 
Experimental  Procedures 
Bacterial  Strains 
The  bacterial  stratns  employed  in  this  study  are  all isogentc  derivatives  of 
strain  MC41  00  (thi  reM  araD139  A/ad769  f/b53 ptsF  rpsL)  (Casadaban, 
1976).  Strain  SE2060  IS MC4100  lamBSGO  (Emr  et  al.,  1981).  The  relevant 
genotypes  for  other  derivatives  are  given  1-t the  text.  Strain  JM103,  used  to 
propagate  Ml3  phages,  was  obtained  from  Bethesda  Research  Laborato- 
nes. 
Media  and  Chemicals 
Minimal  medium  M63  and  maltose  tetrazolrum  Indicator  agar  were  prepared 
as  described  (Miller,  1972).  Maltose,  glycerol,  and  methronrne  were  pur- 
chased  as  reagent  grade  chemicals  from  Fisher  Scientific.  Uniformly  labeled 
“C-amino  acids  and  %S-methionine  were  obtained  from  ICN  and  Amer- 
sham,  respectrvely.  Formalinized  Staphylococcus  aureus  protein  A 
(IgGsorb)  was  purchased  from  The  Enzyme  Center,  Inc.  All restrictton  and 
DNA  modifying  enzymes  were  purchased  from  Bethesda  Research  Labo- 
ratories,  as  well  as  other  reagents  required  for  DNA  sequencing.  OI-~P- 
dATP  (800  Ci/mmole)  was  obtained  from  New  England  Nuclear. 
Isolation  and  Mapping  of  Mutants  Suppressed  for  malEAlP- 
Strarn  RL361  (ma/EA72-78  lamBSGO)  was  streaked  onto  maltose  tetrazo- 
lrum  indicator  agar.  Ten  deep  red  colontes  were  picked  and  used  to 
rnoculate  each  of  ten  1 ml  glycerol  mintmal  cultures.  These  were  incubated 
at  3O’C  with  good  aeration  until  a  cell  density  of  approximately  log/ml  was 
attained.  Cells  from  each  culture  were  harvested,  washed  two  times  with  1 
ml of  maltose  minimal  medium,  resuspended  in  15  ml of  the  same  medium 
and  incubated  at  30°C  with  vigorous  aeration.  After  48  hr,  all ten  cultures 
had  achieved  a state  of  heavy  turbidity.  Each  was  diluted  1  M)-fold  in  15  ml 
of  maltose  minimal  medium  and  reincubated  until  a  high  cell  density  was 
agarn  attained.  Small  aliquots  from  each  culture  were  streaked  onto  maltose 
tetrazolrum  agar  and  incubated  at  30°C  for  24  hr.  Mutants  phenotypically 
suppressed  for  ma/EA72-78  fermented  maltose  more  efficiently  than  the 
parental  strain  and  yielded  colonres  of  a lighter  shade  of  red  compared  to 
the  parental  strain.  From  every  plate,  one  isolated  colony  representative  of 
each  suppressor  phenotype  observed  was  picked  and  repunfred.  In  this 
manner,  28  independent  mutants  were  Isolated;  these  fell  into  a  number  of 
phenotypic  classes  based  on  their  color  reaction  on  indicator  agar.  To 
determrne  linkage  of  the  suppressor  mutations  to  ma/E,  bacteriophage  PI 
was  propagated  on  each  of  the  suppressor  strains  as  described  by  Miller 
(1972).  The  resulting  phage  lysates  were  used  to  transduce  a strain  deleted 
for  the  ma/E  gene  to  Maf+  on  maltose  minimal  agar  plates.  Transductant 
colonies  were  scored  on  maltose  tetrazolium  agar  for  the  suppressor 
phenotype  (indicating  linkage  of  the  suppressor  mutation  to  the  ma/E  gene) 
or  parental  malEA72-78  phenotype  (indicating  that  suppression  was  extra- 
gem). 
Immune  Precipitation  and  Cell  Fractionation 
MBP  was  immune  precipitated  from  1 ml  cultures  of  cells  growing  logarith- 
mrcally  In maltose  mrnrmal  medium.  Cells  were  grown  at 30°C  wrth  vigorous 
aeratron.  Five  mrcroCuries  of  “C-amrno  acid  mixture  (1.87  mCi/mg)  were 
added  to  each  culture  (ABwm  approximately  0.6)  and  Incubation  was 
continued  for  4  mtn.  Labeling  was  termmated  by  rapidly  chrlltng  the  cultures 
tn  an  ice  water  bath.  The  cells  were  pelleted,  washed  once  with  1 ml  cold 
10 mM  Tris-HCI  (pH  8.0)  and  solubilized  in 50  pl  10 mM  Tns-HCI  (pH  8.0) 
1%  SDS,  1  mM  EDTA  by  heating  In  a  bowling  water  bath  for  3  min.  MBP 
was  precipitated  from  the  cleared  supernatants  with  rabbit  ant!-MBP  serum 
and  protein  A,  as  previously  described  go  et  al.,  1981).  For  localtzatron 
studies,  radiolabeled  cells  were  fractronated  into  periplasmic  and  residual 
constrtuents  by  a  prevrously  described  modtfication  (Emr  and  Bassford, 
1982)  of the  cold  osmotrc  shock  technique  of  Neu  and  Heppel  (1965). 
Pulse-Chase  Experiments 
Cultures  (3  ml) were  grown  to  logarithmrc  phase  in maltose  minrmal  medium 
at  30°C  with  vrgorous  aeration.  These  were  pulse-labeled  wtth  30  &I  %S- 
methtonine  (1110  Cr/mMole)  for  15  sec.  Labeltng  was  terminated  and  the 
chase  initiated  by  addition  of  3  ml  prewarmed  maltose  minimal  medium 
containing  unlabeled  methronrne  (0.8%).  Aliquots  (0.7  ml)  were  removed  at 
the  Indicated  times  and  immediately  injected  into  equal  volumes  of  ice-cold 
10%  trichloroacetic  acid  (TCA).  The  TCA  precipitates  were  washed  twice 
wrth  1 ml  ice-cold  acetone  and  then  drted  in vacua.  The  dried  pellets  were 
each  resuspended  In  50  ~1 of  10  mM  Tris-HCI  (pH  8.0),  1%  SDS,  1  mM 
EDTA  and  heated  in  a  boiling  water  bath  for  3  min.  MBP  was  immune- 
preciprtated  from  the  cleared  supernatants  as  described  above. 
Electrophoretic  Procedures 
MBP  species  immune-precipitated  from  the  various  strains  were  resolved 
by  SDS-PAGE  and  autoradiography,  as  prevrously  described  (Ito  et  al., 
1981).  We  employed  12.5%  polyacrylamide  gels  (3O:O.e  ratio  of  acrylamrde 
to  bisacrylamide;  gel  length  of  16  cm;  gel  thickness  of  0.75  mm)  that  were 
run  at 30  mA  constant  current. 
DNA  fragments  were  resolved  on  5%  polyacrylamide  gels  (3O:O.e  ratro 
of  acrylamide  to  brsacrylamtde:  gel  length  28  cm;  gel  thickness  of  1.5  mm) 
using  Trts-acetate  runntng  buffer  (40  mM  Tris-acetate,  2  mM  EDTA  [pH 
8.01).  Gels  were  run  at  200  V  constant  voltage. 
DNA  sequenctng  gels  were  8%  acrylamide  (19:i  acrylamrde  to  bisac- 
rylamide;  gel  length  of  41  cm;  gel  thrckness  of  0.4  mm)  and  8  M  in  urea. 
They  were  run  in  Tris-borate  buffer  (100  mM  Tris,  100  mM  boric  acid,  2 
mM  EDTA  [pH  8.31)  at  1400  V constant  voltage. 
Recombination  of  lntragenic  me/EA12-18  Suppressor  Mutations 
onto  hapmal8f3hSO 
The  lntragenic  malEA72-78  suppressor  mutants  were  lysogentzed  wrth 
XapmaBA273h80.  This  ma/B  specialized  transducing  phage  includes  an 
internal  ma/B  deletion  (A273)  that  removes  the  promotor  proxrmal  porkons 
of  the  ma/E  and  ma/K  genes  and  the  rnterventng  ma/B  promotor  regron 
(Raibaud  et  al.,  1979;  Silhavy  et  al.,  1979).  Heat-induced  lysates  prepared 
from  each  lysogen  (the  XapmalBh80  phages  are  cIs5&)  Include,  as  a 
fractron  of  the  total  phage  population,  phages  having  excused  rn  such  a 
manner  that  they  have  acquired  both  ma/fA72-78  and  the  corresponding 
suppressor  mutation.  These  particular  phages  were  recovered  by  transduc- 
ing  a  maBA224  reciprent  strain  to  Mal+  at  30°C  with  the  low  frequency 
transducing  lysates.  The  presence  of  the  appropriate  ma/E  alleles  was 
confirmed  by  scoring  the  transductants  on  maltose  tetrazolrum  agar.  The 
ma/&i224  mutation  deletes  the  promotor  proximal  portion  of  ma/E  and 
extends  through  the  ma/B  promotors  and  the  entire  maWlamE  operon 
(Silhavy  et  al.,  1979).  Transduction  of  this  strain  to  Ma?  wtth  XapmaBh80 
can  occur  only  by  Integration  of  the  phage  into  the  genome  via  ma/S 
homology  located  drstal  to  the  ma/E  endpoint  of  maBA224.  Heat-induced 
phage  lysates  prepared  from  these  Mal+  lysogens  consist  solely  of  phages 
carrying  the  ma/E  allele  of  interest  and  are  useful  for  preparing  large 
quantities  of  pure  mutant  DNA  for  sequencing  purposes. 
Preparation  of  Plasmid,  Ml3  Replicative  Form  and  Bacteriophage 
A DNA 
Plasmrd  pHC6  (Bedouelle  et  al.,  1980)  was  prepared  by  the  method  of 
Norgard  (1971)  using  amprcillrn  (20  pg/ml)  as  the  selecttve  agent  for  plasmid 
maintenance.  Replicative  form  DNA  (RF)  was  purified  from  strarn  JM103 
Infected  wtth  the  recombrnant  M13mp8  or  M13mp9  phages  (Messtng, 
1983)  by  a  procedure  orrgrnally  described  for  isolation  of  bacteriophage 
+X174  RF  DNA  (Godson  and  Vapnek,  1973).  #X174  RF  DNA  was  a 
generous  gift  from  Clyde  A.  Hutchison,  Ill. XapmaB73hSO  DNA  carrying 
ma/EA72-78  and  the  intragenrc  suppressor  mutations  was  prepared  as 
described  (Srlhavy  et  al.,  1984) 
Preparation  of  Restriction  Fragments  to  Serve  as  Sequencing 
Primers 
Two  ma/B  restnction  fragments  were  employed  to  prime  DNA  sequencing 
reactions.  These  fragments,  a  39  bp  Ava  II-Hinf  I fragment  and  a  77  bp 
Taq  I fragment  (see  Ftgure  4)  flank  the  entire  ma/E  signal  peptide  coding 
DNA  and  serve  ideally  as  primers  for  DNA  sequencing  of  thts  region 
(Bedouelle  et  al.,  1980;  Bedouelle  and  Hofnung,  1982).  These  restrictton 
fragments  were  obtained  by  initially  tsolatrng  a  1.227  kb  Eco  RI  fragment 
dertved  from  plasmtd  pHC6  (Bedouelle  et  al.,  1980).  To  generate  the  39  bp 
primer,  the  Eco  RI  fragment  was  cleaved  at  its  unique  Ava  II  and  Hinf  I k$;genic  Suppression  of  MBP  Export  Defect 
sites.  DNA  fragments  were  resolved  on  5%  polyacrylamide  gels,  visualized 
by  ethidium  bromide  staining  and  viewing  under  short-wave  ultraviolet 
illumination,  and  the  39  bp  fragment  excised  from  the  gel  and  eluted  by 
the  crush-soak  method  (Maxam  and  Gilbert,  1980).  To  generate  the  77  bp 
fragment,  the  Eco  RI fragment  was  frrst  cleaved  with  Pvu  Il. This  manipulation 
destroys  an  86  bp  Taq  I fragment  and  facilrtates  resolution  of  the  destred 
77  bp  primer.  The  purified  Eco  RI-Pvu  II fragment  was  digested  with  Taq  I, 
and  the  77  bp  primer  prepared  as  described  above.  $X174  RF  DNA 
drgested  with  Taq  I served  as  a  physical  standard  for  identification  of  the 
desrred  primers. 
Preperetfon  of  ma/B  Templates  for  DNA  Sequencing 
The  MBP  signal  peptidecoding  DNA  resides  on  a  950  bp  Eco  RI-Bgl  II 
fragment  (see  Figure  4).  The  hapmaB73hSO  phage  DNA  carrying  the 
various  ma/EA72-18  suppressor  mutations  was  cleaved  with  Eco  RI  and 
Bgl  II. DNA  fragments  were  resolved  on  5%  polyacrylamide  gels,  and  the 
950  bp  Eco  RI-Bgl  II fragments  were  excised  and  eluted  by  crushing  and 
soaking  (Maxam  and  Gilbert,  1980).  These  derivative  fragments  were 
inserted  between  the  unrque  Eco  RI  and  Barn  HI  sites  of  bacteriophage 
M13mp8  and  M13mp9  RF.  Since  the  orientation  of  these  restriction  sites, 
relatrve  to  the  Ml  3 vegetatrve  map,  is  opposite  for  Ml 3mp8  RF  as  compared 
to  M13mp9  RF  (Messing,  1983)  the  asymmetric  insertion  of  the  Eco  RI- 
Bgl  II fragments  into  each  of  these  vectors  insured  the  availability  of  both 
ma/E  DNA  single  strands  to  serve  as  sequencing  templates.  In the  ligation 
reactions,  0.002  pmoles  of  Eco  RI-Barn  HI  cleaved  vector  DNA  were 
included,  along  wrth  a  3.fold  molar  excess  of  insert  DNA.  Detection  of  the 
desired  recombinants,  their  amplification,  and  preparation  of  the  single- 
stranded  recombinant  DNA  was  perfoned  as  described  by  Messing 
(1963). 
DNA  Sequencing 
The  dideoxy  chain  termination  method  of  DNA  sequencing  was  employed, 
essentially  as  described  by  Sanger  et  al.  (1977).  It  was  empirically  deter- 
mined  that  the  39  bp  Ava  II-Hinf  I primer  directed  the  desired  sense  strand 
sequencing  reaction  off  of  the  Ml3mp9  template,  while  the  77  bp  Taq  I 
fragment,  hybridized  to  the  M13mp8  template.  yielded  the  desired  se- 
quence  of  the  ma/E  antisense  strand.  ol-32P-dATP  was  used  to  label  the 
elongating  DNA  chains.  For  reactions  primed  with  the  39  bp  restriction 
fragment,  the  final  concentrations  for  the  dideoxy  nucleotides  were  117 
PM,  50  aM,  333  PM,  and  60  PM  for  ddGTP,  ddATP,  ddllP,  and  ddCTP, 
respectively.  Reactions  primed  with  the  77  bp  Taq  I fragment  were  run 
under  Identical  conditions  with  the  exception  that  the  final  ddATP  concen- 
trations  were  167  uM. 
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